INTRODUCTION {#SEC1}
============

Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-based RNA-guided endonucleases (RGEs) have emerged as critical tools in genetic research. The CRISPR-associated (Cas) protein 9 isolated from *Streptococcus pyogenes* (SpCas9), is widely used and easily programmed with a CRISPR RNA (crRNA) annealed to a structural tracrRNA or fused as a single guide RNA (sgRNA) to target complementary DNA sequences ([@B1]). Catalytically deactivated SpCas9 (dSpCas9) has been adapted for manipulation of gene expression and chromatin status as well as visualization of chromosomal loci ([@B3],[@B5]). However, binding ([@B8]) and cutting ([@B11]) by SpCas9 ribonucleoprotein complexes (SpCas9-RNPs) are also prevalent at off-target sites. New CRISPR associated proteins, either engineered from SpCas9 ([@B14]) or identified *de novo* from microbes are becoming available at an increasingly rapid rate ([@B17],[@B18]). More recently identified enzymes include: (i) *Streptococcus canis* Cas9 (ScCas9), which has been reported to have single-base pair specificity within the PAM (5′-NNG-3′) ([@B19]), (ii) Cas12a ([@B20]) (aka Cpf1), a class II type V CRISPR enzyme that has been reported to have improved targeting properties, and (iii) CasX (a.k.a. Cas12e), another class II CRISPR enzyme ([@B17],[@B18]). Rapid and accessible methods are needed to evaluate the specificity and mechanisms of these new enzymes.

The mechanism underlying SpCas9-RNP targeting ([@B1],[@B21]) has been extensively studied. The SpCas9-RNP cuts DNA in a two-step process. First, the SpCas9-RNP binds to a protospacer adjacent motif (PAM) composed of a consensus NGG motif and partially melts the DNA duplex. A complementary region of the gRNA then base pairs with the 20-nt protospacer DNA ([@B1]) in a sequential fashion, from the PAM toward the distal region of the protospacer ([@B22],[@B23]). Mismatches to the PAM-proximal region (positions ∼1--10) disrupt binding by interrupting RNA:DNA 'zipping', with adjacent mismatches having a cooperative effect ([@B24],[@B25]). In the second step, base pairing in the PAM-distal region (positions ∼12--20) induces a structural change that moves the HNH and RuvC nuclease domains into position to cut both strands of DNA upstream of position 3 in the protospacer ([@B1]). In detailed kinetic studies of a single SpCas9::gRNA complex, most (∼80%) of the on-target sequence is cleaved during a fast phase, with ∼5% being cleaved during a slow phase ([@B21]), leaving ∼15% uncut even when enzyme is in vast excess.

The off-target activities of SpCas9 vary greatly by target sequence (reviewed in ([@B26])). Dozens to thousands of off-target cleavage sites have been detected, depending on target-sequence composition ([@B12],[@B27]). Generally, mismatches have a more pronounced impact on cleavage the closer they are to the PAM ([@B8]). Some off-target cleavage may be due to off-target binding in the genome, as SpCas9-RNPs have been shown by ChIP-seq to bind hundreds to thousands of sites ([@B8],[@B31]). However, occupancy is not a good predictor of cleavage ([@B27]), in part because mismatches in the PAM-distal region do not affect binding, but impair cleavage. Moreover, it is not clear why SpCas9-RNPs directed to some target sequences have more off-target activity than others.

Accurate prediction of off-target binding and cleavage for SpCas9-RNPs, or other CRISPR nucleases such as Cas12a, has proven to be challenging. Although thousands of potential binding sites have been identified for some SpCas9:gRNA pairs ([@B8]), *in vitro* methods to measure DNA-binding specificity, such as HiTS-FLIP ([@B10]), and CHAMP ([@B32]), have not yielded predictive, quantitative binding models for SpCas9-RNPs. *In vitro* cleavage assays, such as Digenome-seq and CIRCLE-seq, identify hundreds to thousands of off-target sites for SpCas9-RNPs ([@B12],[@B33]), but only a fraction of predicted sites can be detected by in cell techniques such as GUIDE-seq ([@B13],[@B29],[@B33],[@B34]). This can be partially accounted for by cellular factors such as chromatin context ([@B35]) and biases in repair outcomes ([@B29],[@B39],[@B40]). The Cutting Frequency Determination score (CFD) derived from a large-scale, loss-of-function screening ([@B41]) has emerged as a leading prediction algorithm---known as the 'Doench rules'---for *in vivo* off-target cleavage sites.

Assays have been published that provide specificity information for either binding or cleavage by SpCas9, but not both. More importantly, most of the techniques used to measure specificity are technically challenging, expensive, or require special equipment, restricting their wider adoption. As a consequence, characterization of the specificity of other CRISPR nucleases lags far behind that of SpCas9.

To address these issues, we developed parallel assays that together enable systematic quantification of the effect of mutations and mismatches on DNA-binding affinity and catalytic activity for RGEs. The effect of mismatches and mutations on DNA-binding specificity is measured using an adapted version of [spec]{.ul}ificity measured by [seq]{.ul}uencing (*Spec-seq*) ([@B42],[@B43]) while the endonuclease activity is measured concurrently under the same conditions using a new assay we refer to as [s]{.ul}equence-specific [e]{.ul}ndonuclease [a]{.ul}ctivity [m]{.ul}easurement by sequencing (*SEAM-seq*). We validated the *Spec*/*SEAM-seq* approach for the best-characterized RGE, SpCas9, using three SpCas9::gRNA pairs that have been used in previous studies. The models generated from *Spec*/*SEAM-seq* accurately capture what is known about the specificity of SpCas9-RNPs for different targets and provide new insights into the mechanism of off-target cleavage. We also used *Spec*/*SEAM-seq* to better understand natural or engineered Cas9 variants and Cas12a from *Acidaminococcus* sp. (AsCas12a), each of which have been reported to have improved specificity. Finally, we profiled the specificity of a previously uncharacterized CRIPSR enzyme, *Deltaproteobacteria* CasX (DpbCasX), which revealed that although the DNA-binding specificity CasX is similar to that of SpCas9, it shows a striking avoidance of off-target cleavage.

MATERIALS AND METHODS {#SEC2}
=====================

Further information and requests for resources and reagents should be directed to and will be fulfilled by Lead Contact, Miles A. Pufall (<miles-pufall@uiowa.edu>). Detailed descriptions about mathematical modeling and reagent tables ([Supplementary Tables S1 and S2](#sup1){ref-type="supplementary-material"}) can be found in Supplementary Materials.

Recombinant protein expression and purification {#SEC2-1}
-----------------------------------------------

DNA sequences encoding 6X His-tagged wild type SpCas9, Hifi-SpCas9 (R691A), AsCas12a, ScCas9, DpbCasX were cloned into pET28a vector for protein expression as previously described ([@B44]). Point mutations to express catalytically deactivated nucleases (dSpCas9: D10A/H840; dScCas9: D10A/H849A; dAsCas12a: D908A/E993A/D1235A; dDpbCasX: D672A/E769A/D935A) were created by site-directed mutagenesis. To overexpress these proteins, the transformed *E.coli* BL21DE3 cells were first grown in TB medium at 37°C with 250 rpm shaking, and induced by 0.5 mM IPTG when OD~600~ reached 0.6--0.8. The culture was further incubated at 16°C for 16--22 h. All proteins were purified using Ni^2+^ affinity (HisTrap HP) and cation exchange chromatography (HiTrap SPHP or HiTrap Heparin) as previously described ([@B44]). The ScCas9 requires further purification by size-exclusion chromatography (HiPrep Sephacryl S-300) to remove nucleic acid contaminated fractions. The purified protein was concentrated by Amicon ultrafiltration device (30-kDa), dialyzed into storage buffer overnight (20 mM Tris--HCl, pH7.4, 300 mM NaCl, 50% Glycerol, and 1 mM DTT), and stored at --20°C. The protein concentration was determined by Nanodrop using extinction coefficients of 120 450 M^−1^ cm^−1^ (SpCas9/ScCas9), 143 940 M^−1^ cm^−1^ (AsCas12a), and 158 140 M^−1^ cm^−1^ (DpbCasX). The DNA sequence for each protein used can be found in the Supplemental file: 'CRISPR_DNA_sequences.docx'.

To purify WT-DpbCasX, it was essential to co-express both protein and sgRNA in *Escherichia coli*. Briefly, the BL21DE3 cells were co-transformed with the pET28 protein expression vector, and a second plasmid constitutive transcribing the sgRNA under the control of J23119 promoter. The assembled CasX:sgRNA in *E.coli* cells was purified by Ni^2+^ affinity and cation exchange chromatography (HiTrap Heparin). Apo-WT-CasX with minimal nucleic acid contamination (*A*~260/280~ ∼ 0.6) can be recovered by size-exclusion chromatography (HiPrep Sephacryl S-300), which was then concentrated by Amicon ultrafiltration and stored in the buffer as described above, but with 0.5 M NaCl. Without co-expression, WT-CasX eluted from HisTrap HP column was heavily contaminated by nucleic acid, and highly prone to aggregation. Despite numerous efforts to optimize purification conditions, no active WT-CasX free from nucleic acids was able to be isolated.

sgRNA {#SEC2-2}
-----

Single guide RNAs (sgRNAs) for each nuclease were chemically synthesized (Integrated DNA Technologies, IDT), and dissolved in IDTE (10 mM Tris--HCl, 0.1 mM EDTA, pH 8.0) to a final concentration of 100 μM. See [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for a list of all gRNAs used.

SELEX-seq library preparation {#SEC2-3}
-----------------------------

A DNA library with a 30-bp randomized region ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}, GTTCAGAGTTCTACAGTCCGACGATC(N30)TGGAATTCTCGGGTGCCAAGG) was synthesized as single-stranded DNA (IDT). The double-stranded DNA library (dsDNA) was prepared by a Klenow extension reaction using Cy5-labeled TSSR1 primer ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) complementary to the 3′-end of the ssDNA library. Briefly, a reaction containing 2.5 μM ssDNA template, 5 μM Cy5-labeled TSSR1, and 150 μM dNTP in NEB buffer 2 (10 mM Tris--HCl, 50 mM NaCl, 10 mM MgCl~2~, 1 mM DTT) was incubated at 94°C for 3 min, and then cooled to 37°C over 45 min. Klenow enzyme was added to the reaction and incubated at 37°C for 1 h. The enzyme was inactivated at 72°C for 20 min, followed by gradually cooling to 10°C over 45 min. The dsDNA library was purified and concentrated (Qiagen MinElute). The concentration was measured by *A*~260~ on a Nanodrop, and then diluted to 4 μM in Qiagen buffer EB (10 mM Tris--HCl, pH 8.5).

dSpCas9-RNP SELEX-seq {#SEC2-4}
---------------------

*SELEX-seq* of dSpCas9-RNP was performed based on our previous protocol with slight modifications ([@B45]). The ribonucleoprotein complex was first assembled using 4 μM dSpCas9 and 4.8 μM sgRNA in the reaction buffer (20 mM Tris--HCl, pH 7.4, 150 mM KCl, 10% glycerol, 5 mM MgCl~2~ and 1 mM DTT). A 120 μl binding reaction containing 0.1 μM dSpCas9-RNP and 1 μM SELEX library (1:10 ratio) was incubated at 37°C for 1 h (20 mM HEPES--KOH, pH7.5, 150 mM KCl, 10% glycerol, 5 mM MgCl~2~ and 1 mM TCEP), then resolved on a 4--20% gradient gel (1× TGM: 25 mM Tris-Base, 192 mM glycine, 5 mM MgCl~2~, pH 8.3) at room temperature. The dSpCas9-RNP:DNA complex was recovered by excision and electroelution (200 V, 4°C in pre-chilled 1× TGM buffer). The bound DNA was purified (Qiagen MinElute) and diluted to 190 μl (EB buffer). Quantitative PCR was performed to determine the optimal number of rounds of amplification before saturation using 1/190 μl recovered DNA ([@B45]). The library for the next round was generated by amplifying the remaining recovered DNA (∼180 μl) in 90 PCR reactions of 100 μl each (9 ml total) using the optimal number of rounds. A new library was then generated by purifying the regenerated library (Qiagen MinElute) and diluting to 4 μM for next round of *SELEX*. Five rounds of *SELEX* were performed in total. The initial and final libraries (R0 and R5) were deep-sequenced on an Illumina HiSeq 4000 at a read depth of 25--30 million reads per library.

Analysis of SELEX-seq data using SelexGLM {#SEC2-5}
-----------------------------------------

Following ([@B45]), the *SELEX-seq* data were processed using the R packages *SELEX* (<http://bioconductor.org/packages/SELEX>, ([@B46])) and *SelexGLM* (<http://github.com/BussemakerLab/SelexGLM>; Zhang & Martini & Rube & Kribelbauer & Rastogi & FitzPatrick & Houtman & Bussemaker and Pufall ([@B45])). Briefly, a Markov model of order 6 was constructed from the R0 probes using the *selex.mm()* function from the *SELEX* package, and an affinity table for *k* = 18 was constructed using *selex.affinities()*. An initial position specific affinity matrix (PSAM; ([@B47])) was constructed from the relative affinity of all single-base mutations of the optimal 18-mer ('NNNNAAGAWKGGAAG[NGG]{.ul}'). The PSAM was then expanded to the desired size by adding nine neutral columns on each side to estimate the specificity outside of PAM and protospacer and used as a seed for *SelexGLM*. The final model was plotted as an energy logo using the LogoGenerator tool from the REDUCE Suite (reducesuite.bussemakerlab.org, ([@B47])).

Spec-seq {#SEC2-6}
--------

The *Spec-seq* binding specificity assay was adapted from previously published protocols ([@B42],[@B43]). Briefly, individual *Spec-seq* libraries were ordered as ssDNA from IDT, and pooled in equal proportions for Klenow extension as described above. The resulting dsDNA library was purified and concentrated (Qiagen MinElute), and size-selected on a 12% 1× Tris-glycine native gel. The DNA band of correct size was excised, electroeluted, and purified. The concentration was quantified by *A*~260~ and diluted to 1 μM in buffer EB.

*Spec-seq* was performed essentially as a single-round *SELEX* experiment. 40 μl binding reactions containing 200 nM dSpCas9-RNP and 50 nM *Spec-seq* DNA library (4:1 ratio) were incubated at 37°C for 1 h and resolved on a 4--20% gradient gel. Both bound and unbound DNA were excised, electroeluted, purified and diluted to 40 μl in buffer EB. Recovered DNA from each fraction was amplified for sequencing. Other than the initial experiments of SpCas9 (Figures [1](#F1){ref-type="fig"}--[3](#F3){ref-type="fig"}), subsequent experiments on AsCas12a (Figure [4](#F4){ref-type="fig"}) and SpCas9/ScCas9/Hifi-Cas9 (Figure [5](#F5){ref-type="fig"}) were performed following the same protocol as SpCas9, but in a reaction buffer supplemented with 20 ng/μl PolydIdC (Thermo, \#20148E) or Salmon Sperm DNA (Thermo, \#15632011) to reduce non-specific protein:DNA binding. The DpbCasX *Spec-seq* was performed using 800 nM protein and 200 nM DNA library in the buffer with Salmon Sperm DNA.

![*Spec-seq* and *SEAM-seq* measure the affinity and cleavage activity of RNA-guided endonucleases for on-target and mismatched sequences. (**A**, **B**) Schematic of the *Spec-seq* and *SEAM-seq* protocols. For *Spec-seq*, sequences bound by the catalytic-deactivated dSpCas9-RNP are resolved from unbound on an EMSA gel. Each band is excised and deep-sequenced, with the relative affinity directly calculated (B) from the ratio of bound to unbound (see Materials and Methods). For *SEAM-seq*, the same sequences are cleaved by wild-type SpCas9-RNP. Uncut sequences are amplified by PCR and deep-sequenced. The ratio of uncut sequences in digested to input fraction reflects the relative cleavage of sequences (B), which is normalized to calculate the relative log-depletion (Δ*d*, see Materials and Methods). (**C**) Library design for Nanog. The full library is composed of seven sub libraries; six (L1--6) containing a randomized 4-mer region, and one (L7) a 3 bp randomized region. The sub libraries were mixed equally before use in *Spec-seq* and *SEAM-seq*. (**D**) The natural log of the relative affinity for each sequence is binned by sub library. (**E**) The relative log-depletion for each sequence is binned by sub library. Sequences \>0 are cleaved more completely than the on-target sequence after 1 h, those \<0 are cleavage less completely. (**F--H**) Sequence logos showing the mononucleotide coefficients in the Mono + NS models of the relative affinity (see Materials and Methods). The height of each letter represents the magnitude of corresponding coefficient (contribution to affinity) and inverted letters below the center line indicate negative values. (**I--K**) Sequence logos representing the mononucleotide coefficients (contribution to cleavage) in the Mono + NS models for the effect of mismatches on the cleavage for each SpCas9-RNP. (**L**) The estimated (Melting 5) difference in the stability for the RNA:DNA duplex minus the stability of the DNA:DNA duplex (ΔΔ*G~exchange~*) is plotted versus the affinity range for the worst mismatched sequences versus best sequences.](gkaa231fig1){#F1}

![The effect of mismatches on affinity and activity differ by target. Affinity versus Activity plots where each point represents a particular sequence in the library. The horizontal axis corresponds to the relative binding free energy (logarithm of the relative association constant), with low-affinity sequences on the left, and high-affinity sequences on the right. The vertical axis corresponds to the relative depletion of a sequence (*Δd*), with the most depleted at the top and the least depleted at the bottom. The on-target sequence is by definition located at the origin (0,0) of the plot. (**A**) Scatter plot showing the affinity (*x*) versus activity (*y*) for Nanog. The dashed line and corresponding vertical axis on the right denote the probability of binding calculated from the affinity of the dSpCas9-RNP for each sequence under the conditions of the experiment using our model (note that the relative shift and scale of the vertical axes are arbitrary). This probability is used to estimate occupancy and is subsequently used to correct for saturation in the calculation of *k*~cut~ (see Supplemental Materials). The inset indicates location of the sub library in the target sequence, with black encompassing the PAM. Note alterations downstream of the PAM (pink library, L6) have some effect on affinity, but little effect on cleavage. In contrast, sequences in the PAM distal region (yellow library and part of green) form vertical streaks indicating that mismatches in this region have no effect on binding, but drastically alter cleavage (See Figure [1C](#F1){ref-type="fig"}). Some single mismatches within the PAM proximal region (library L2, L3, red and blue) have a *Δd* \> 1, indicating that they are cleaved better under these conditions. (**B**, **C**) Affinity versus activity plots for the VEGFA and FANCF. Note the differences in scale and the absence of sequences with a *Δd* \> 1 for both SpCas9-RNPs.](gkaa231fig2){#F2}

![Mismatch activation is the result of more complete cleavage, not an increase in cleavage rate for SpCas9::Nanog. (**A**) Plot of the relative cleavage activity of SpCas9::Nanog for each sequence measured by *SEAM-seq* (x-axis) versus the relative affinity of dSpCas9::Nanog measured by *Spec-seq*. (**B**) Percent of each sequence (10 nM) cleaved over time (in seconds) by SpCas9::Nanog (100 nM). (**C**) The cleavage reactions in (**B**) were fit to a two-phase exponential association equation (GraphPad). Fast (*k*~fast~) and slow (*k*~slow~) phases are plotted against each other. (**D**) The relative cleavage activity of SpCas9::Nanog for each sequence measured by *SEAM-seq* is plotted against the percent cleaved after one hour for each individual sequence. (**E**) Percent of on-target sequence (10 nM) cleaved over time (in seconds) by each SpCas9-RNP (100 nM). (**F**) The cleavage reactions in (E) were fit to a two-phase exponential association equation (GraphPad). Fast (*k*~fast~) and slow (*k*~slow~) phases are plotted against each other. Each experiment was performed a minimum of 3 times, with error bars representing the standard deviation.](gkaa231fig3){#F3}

![*In vitro* SpCas9-RNP efficiency correlates well with *in vivo* cleavage frequency. (**A**) Sequence logos showing the mononucleotide coefficients in the Mono + NS models of *K*~A~ for three different SpCas9-RNPs represent the effect of each base on the binding affinity. PAM region was excluded from the analysis, as these positions have no corresponding values in the Doench matrix. (**B**) Same as (A) but showing coefficients in the models of *k*~cut~. (**C**) Logos representing contribution of each base to the efficiency *K*~eff~ (see Materials and Methods). (**D**) Logo for the predicted effect of mismatches on cleavage *in vivo* from the Doench rules. (**E**) Scatter plot and correlation between the *in vitro* SpCas9-RNP efficiency predicted using *Spec/SEAM-seq* versus the *in vivo* cleavage predicted using the Doench for each SpCas9-RNP. MSE = mean standard error.](gkaa231fig4){#F4}

![HiFi-Cas9 and ScCas9 derive cleavage specificity from base pairing and an extended PAM. (**A**--**C**) Sequence logo representations of the mononucleotide coefficients for the Mono + NS models of *K*~A~ for dSpCas9::Nanog (left), dHiFi-Cas9::Nanog (center) and dScCas9::Nanog (right) represent the effect of each base on the binding affinity. Note that the scale of dScCas9::Nanog is larger. (**D**--**F**) Same as (A--C) but representing the coefficients in the models of relative log-depletion (Δ*d*). (**G-I**) Same as (A-C) but showing coefficients (occupancy independent cleavage) in the *k*~cut~ models (see Materials and Methods). Note the larger scale for ScCas9::Nanog indicating a greater penalty for mismatches in cleavage activity. (**J**) PAM specificity was tested by efficiency of cleavage for SpCas9 and ScCas9 at 22 sites within the HPRT gene, half of which with an NGG and half with NAGBK (NAG(C/G/T)(G/T)). Efficiency of editing was measured using a T7E1 assay. (**K**) Plot of the relative affinity (ln *K*~A~) for each sequence in the Nanog library for dSpCas9 versus dHiFi-Cas9 as measured by *Spec-seq*. (**L**) Plot of the relative depletion (Δ*d*) for each sequence in the Nanog library for SpCas9 versus HiFi-Cas9 as measured by *SEAM-seq*. Note that the penalty for mismatches in *k*~cut~ is greater for HiFi-Cas9::Nanog than SpCas9::Nanog. The patterns are consistent with a different target, FANCF ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}).](gkaa231fig5){#F5}

SEAM-seq {#SEC2-7}
--------

Sequence-specific Endonuclease Activity Measurement followed by sequencing (*SEAM-seq*) were performed in 50 μl reactions containing 50 nM *Spec-seq* DNA library with either 200 nM Cas-RNP or reaction buffer as mock treated. Reactions were stopped after 1 hour of incubation at 37 °C by adding EDTA (60 mM final) to both digested and input samples. Proteinase K (10 μl, 20 mg/ml, Thermo) was then added to digest proteins for 30 min at room temperature. The remaining DNA was purified (Qiagen MinElute) and eluted in 40 μl. The full-length, uncut DNA library was PCR amplified and deep-sequenced. The reaction buffer for AsCas12a (Figure [4](#F4){ref-type="fig"}), SpCas9/ScCas9/Hifi-Cas9 (Figure [5](#F5){ref-type="fig"}) and DpbCasX was also supplemented with 20 ng/μl PolydIdC or Salmon Sperm DNA.

Rate and fraction cleaved for individual sequences {#SEC2-8}
--------------------------------------------------

DNA sequences containing the target sites of SpCas9 were ordered as gBlock fragments (IDT) ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}), PCR amplified, and purified as the substrates for cleavage reactions. The functional gRNAs were assembled using equal molar ratios of synthetic crRNA and tracrRNA (IDT) in duplex annealing buffer (100 mM potassium acetate, 30 mM HEPES, pH 7.5). The annealing reactions were incubated at 94°C for 3 min, and gradually cooled to 25°C over 30 min. To assemble the SpCas9--RNP complex, the annealed gRNA was incubated with SpCas9 in the reaction buffer (20 mM HEPES, pH 7.5, 150 mM KCl, 10% glycerol, 5 mM MgCl~2~ and 1 mM DTT) at 37°C for 10 min. The assembled RNP was diluted in reaction buffer, and combined with 10 nM DNA substrate to initiate cleavage. The reaction was quenched at multiple time-points with 50 mM EDTA. Samples were treated with Proteinase K (1 μg/μl, 56°C, 30 min) to digest SpCas9 protein, and then analyzed by capillary electrophoresis (Fragment Analyzer, Agilent). The substrate cleavage (%) was calculated as:$$\documentclass[12pt]{minimal}
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Measuring the editing efficiency of Cas9 in HEK293 cells {#SEC2-9}
--------------------------------------------------------

The ribonucleoprotein complexes were assembled using 12 μM of Cas9 and 20 μM of sgRNA in PBS, and incubated at room temperature for 10 min. The Cas9-RNPs (2 μM) were co-delivered with 3 μM Cas9 electroporation enhancer (IDT) into HEK293 cells (0.24 million cells per reaction) by Lonza SF Cell Line 96-well Nucleofector™ Kit using 96-DS-150 program. The electroporated cells were transferred to a 96-well culture plate, and incubated in 125 μl DMEM (10% FBS) medium for 48 h at 37°C with 5% CO~2~. Cells were then washed by PBS, and lysed in 50 μl QuickExtract solution (Lucigen) per well (65°C: 6 min and 98°C: 2 min). The lysate was diluted with 100 μl nuclease-free H~2~O (IDT), and stored in −20°C prior to PCR. The HPRT locus from edited cells was amplified using HPRT-F and HPRT-R primers ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) using Kapa Hifi HotStart polymerase (Roche, KK2501) ([@B48]). The editing efficiency was determined by T7 endonuclease I assay ([@B48]).

Quantification, modeling and statistical analysis {#SEC2-10}
-------------------------------------------------

### Estimation of the binding affinity using Spec-seq data {#SEC2-10-1}

We followed a previously described framework for interpreting *Spec-seq* data ([@B42],[@B43]). DNA sequences matching the Spec-seq library design were counted using SELEX R package (<http://bussemakerlab.org/software/SELEX/>). The relative DNA-binding affinity was estimated by taking the ratio of sequencing counts between bound and free fractions. Mathematical details for this analysis and subsequent modeling are provided in Supplementary Materials.

### Estimation of the binding affinity using Spec-seq data {#SEC2-10-2}
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DATA AND SOFTWARE AVAILABILITY {#SEC3}
==============================

The sequencing data for this project are available from the Sequencing Read Archives (<https://www.ncbi.nlm.nih.gov/sra>), accession numbers PRJNA547810 and PRJNA608749. Which data sets are available under each accession number can be found in the Key Resources Table of the Supplementary Materials. Scripts and processing software are available upon request.

RESULTS {#SEC4}
=======

Unbiased determination of dSpCas9::Nanog binding specificity using SELEX-seq and SelexGLM {#SEC4-1}
-----------------------------------------------------------------------------------------

The full DNA-binding footprint and specificity of dSpCas9, the catalytically inactive form of SpCas9 in complex with a gRNA targeting the Nanog gene (dSpCas9::Nanog) ([@B3],[@B8],[@B49]), was first determined using [s]{.ul}ystematic [e]{.ul}volution of [l]{.ul}igands by [ex]{.ul}ponential enrichment measured by deep [seq]{.ul}uencing (*SELEX-seq*; ([@B46],[@B50])) followed by data analysis using a feature-based generalized linear modeling (*SelexGLM*; ([@B45])) generating a position specific affinity matrix (PSAM) (Materials and Methods and [Supplementary Figure S1A--C](#sup1){ref-type="supplementary-material"}). After five rounds of enrichment, a motif emerged, dominated by the 3 bp protospacer adjacent motif (PAM; NGG at positions −1 to −3) and an 11bp PAM-proximal 'seed' region within the protospacer ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}). The observed seed is slightly longer than previous estimates in the 8--10 bp range ([@B8],[@B25],[@B31]) with little or no sequence preference apparent in the PAM-distal region (+12 through +20). A weak preference for the sequence CGGGGATTT is seen at positions bases −4 to −12 downstream of the PAM, where contacts between the SpCas9 protein and DNA have been observed in Cryo-EM structures (e.g. RCSB 5Y36, ([@B51])). This footprint was used as the basis for designing libraries used in subsequent experiments that encompassed the protospacer and a region downstream of the PAM.

Parallel measurement of DNA binding and cleavage by SpCas9 using Spec-seq and SEAM-seq {#SEC4-2}
--------------------------------------------------------------------------------------

SpCas9-RNP endonuclease activity entails the two-step process of DNA binding followed by cleavage ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). The overall efficiency of the enzyme depends on its binding affinity (*K*~A~) and cleavage rate (*k*~cut~). To quantify these two steps, we adapted the *Spec-seq* assay ([@B42],[@B43]) to measure dSpCas9 DNA-binding specificity and developed a new assay named *SEAM-seq* to measure cleavage by depletion (Δ*d*) of sequences (Figure [1A](#F1){ref-type="fig"}, B). Based on the *SelexGLM* footprint we designed libraries that span the protospacer, PAM and 4 (of the 9) bases downstream of the PAM (Figure [1C](#F1){ref-type="fig"}). We then directly measured the effect of mismatches on relative binding affinity (−ΔΔ*G/RT =* ln *K*~A,rel~) and relative nuclease activity (in terms of the log-depletion Δ*d*) under identical conditions (see Materials and Methods and Supplementary Materials). By correcting for occupancy using the *K*~A~ for each sequence the effect of mismatches on binding and cleavage are decoupled, allowing calculation of *k*~cut~, a measure of the effect of mismatches on cleavage independent of their effect on affinity ('binding independent cleavage'). The relative efficiency of cleavage for off-target sequences is then modeled as the product of affinity and binding-independent cleavage (*K*~eff~*= K*~A~*\* k*~cut~).

DNA binding of SpCas9 is mediated by PAM-proximal RNA:DNA base-pairing {#SEC4-3}
----------------------------------------------------------------------

The DNA-binding specificity of dSpCas9::Nanog ([@B3],[@B8],[@B49]) was measured by *Spec-seq*. The pooled DNA library (Figure [1C](#F1){ref-type="fig"}) was incubated with the dSpCas9::Nanog at a 1:4 ratio (50 nM DNA:200 nM RNP). The bound and unbound fractions of DNA were separated on a native gel ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}), recovered, and sequenced. After ensuring that sub-libraries were similarly represented in the full library ([Supplementary Figure S2D](#sup1){ref-type="supplementary-material"}), the relative binding affinity of dSpCas9-RNP for each site was calculated directly as the ratio of the probe frequencies in the bound and unbound fractions (see Materials and Methods). Although qualitatively consistent, the dynamic range of the *Spec-seq* model (Figure [1D](#F1){ref-type="fig"}) is greater than the SelexGLM model ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}), possibly because the latter does not account for binding saturation or non-specific binding. The affinities for on-target and mismatched sequences spanned four orders of magnitude with high reproducibility ([Supplementary Figure S2E](#sup1){ref-type="supplementary-material"}). Consistent with the *SELEX-seq/SelexGLM* analysis described above, mismatches within the PAM-proximal region of the protospacer and mutations within the PAM site had the strongest effect on the DNA affinity (Figure [1D](#F1){ref-type="fig"}) with little penalty for mismatches in the PAM-distal region. Contributions from the PAM downstream region were also modest.

To determine the energetic cost of mismatches and mutations, feature-based models for binding specificity were fit to the *Spec-seq* data. A simple weight-matrix-like model based on mononucleotide features, in which each position contributes independently (Model *Mono*), fit the data well (*R*^2^ = 0.945, hold-one-out cross-validation) ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). The fit improved, especially for lower-affinity sites, by incorporating non-specific binding in the model (Model *Mono+NS*, *R*^2^ = 0.972, Figure [1F](#F1){ref-type="fig"}, [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). Adding dinucleotides as predictors did not substantially improve the fit (Model *Di+NS*, *R*^2^ = 0.975, [Supplementary Figure S3C, D](#sup1){ref-type="supplementary-material"}), and nearly quadrupled the fit parameters, and thus all subsequent analyses used the *Mono+NS* model. Comparison between the energy logo representation of the *Spec-seq* model (Figure [1F](#F1){ref-type="fig"}) and the *SELEX-seq/SelexGLM* model ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}) confirmed that although the logos were very similar in footprint and sequence preference, the *Spec-seq* model captured a larger dynamic range.

The tolerance for mismatches is strongly dependent on gRNA sequence {#SEC4-4}
-------------------------------------------------------------------

Off-target genomic cleavage by SpCas9-RNPs varies by target sequence and, accordingly, gRNA ([@B12],[@B13]). We therefore compared dSpCas9::Nanog to dSpCas9::FANCF, which is similarly specific, and dSpCas9::VEGFA, which has been reported to have substantially higher off-target cleavage activity than SpCas9::FANCF in *in vivo* GUIDE-seq assays ([@B12],[@B13]), and *in vitro* SITE-seq assays ([@B52]). For all three dSpCas9-RNPs, mismatches in the PAM had the greatest effect on affinity. However, dramatic differences among the three gRNAs were evident in the overall degree of DNA-binding specificity within the seed region (Figure [1F](#F1){ref-type="fig"}-[H](#F1){ref-type="fig"}). The range of ΔΔ*G* values (compared to the average sequence in the protospacer) encompassed ∼12 RT for dSpCas9::Nanog, ∼8 RT for dSpCas9::FANCF, but only ∼3 RT for dSpCas9::VEGFA (Figure [1F](#F1){ref-type="fig"}--[H](#F1){ref-type="fig"}). In other words, dSpCas9::Nanog is orders of magnitude more specific than dSpCas9::VEGFA because the effect of a mismatch in dSpCas9::Nanog can be \>100× larger than for dSpCas9::VEGFA.

The models also captured the energetic penalty for different types of mismatch. Consistent with previous work, purine:purine (R:R) mismatches tended to be more deleterious than purine:pyrimidine (R:Y) or pyrimidine:pyrimidine (Y:Y) mismatches. For example, for adenines in the gRNA (rA), a mismatch with a dG in the targeted DNA strand (represented as C in logo, [Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}) was much less favorable than dA or dC ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). However, there were examples where this was not the case. For example, dC (represented as G in the logos) was the worst mismatch for rCs in gRNAs. Interestingly, for both rG and rU, the dT mismatch was less detrimental than the other two ([Supplementary Figure S4A, B](#sup1){ref-type="supplementary-material"}). These trends did not necessarily follow the published stability data of RNA:DNA duplex with single mismatch (such as rA:dG ≈ rA:dC \> rA:dA) ([@B53]). This may be because the penalty for a mismatch depends on both the stability of the newly gained RNA:DNA duplex and that of the invaded DNA:DNA duplex.

dSpCas9-RNP specificity correlates with exchange from DNA:DNA duplex to RNA:DNA duplex {#SEC4-5}
--------------------------------------------------------------------------------------

To explore whether the differences in specificity between dSpCas9-RNPs could be attributed to the energetic difference between the DNA:DNA duplex being invaded and formation of the RNA:DNA duplex in the R-loop, we used MELTING v5 (<https://www.ebi.ac.uk/biomodels/tools/melting/>) to calculate ΔΔ*G*~exchange~ (the free energy difference in melting between the corresponding DNA:DNA and RNA:DNA duplexes) ([@B54]). Driven by higher GC content, the estimated DNA:DNA annealing free energy for the VEGFA on-target sequence (70% GC, −32.4 kcal/mol) was most favorable, followed by that for FANCF (60% GC, −25.9 kcal/mol), and then Nanog (40% GC, −21.6 kcal/mol). However, because both base pairing and pyrimidine/purine content of RNA affect the stability of RNA:DNA hybrids, the annealing energy of the RNA:DNA hybrids showed a different trend. Although VEGFA formed the most stable RNA:DNA duplex (−27.9 kcal/mol), its DNA:DNA duplex was even more stable, making exchanging a DNA:DNA helix for an RNA:DNA duplex energetically unfavorable (ΔΔ*G*~exchange~ = 4.5 kcal/mol). In contrast, the RNA:DNA hybrid duplex formed by the Nanog RNA is predicted to be more stable than the DNA:DNA duplex (ΔΔ*G*~exchange~ = −0.9 kcal/mol). The difference in annealing energy for FANCF falls in between these two cases and is quantitatively consistent with the Spec-seq data (Figure [1L](#F1){ref-type="fig"}). This correlation suggests that because the exchange from DNA:DNA to RNA:DNA for VEGFA is already energetically unfavorable for the on-target sequence, mismatches have little room to destabilize the complex; the enzyme is therefore less sensitive to them and less specific. On the other hand, because the exchange from DNA:DNA to RNA:DNA for Nanog contributes to the overall binding energy of the dCas9-RNP, mismatches destabilize binding, resulting in greater specificity. Thus the ΔΔ*G*~exchange~ of RNA:DNA for DNA:DNA may be an important influence on the specificity of SpCas-RNPs for target sequences.

Sequence-specific endonuclease activity measured by sequencing (SEAM-seq) {#SEC4-6}
-------------------------------------------------------------------------

We next developed the *SEAM-seq* method to measure how the endonuclease activity depends on sequence *in vitro*. This method was *explicitly* designed to be paired with *Spec-seq* (Figure [1A](#F1){ref-type="fig"}): the DNA library was cleaved for the same amount of time (1 h) and under the same conditions (\[DNA\] = 50 nM, \[SpCas9-RNP\] = 200 nM, same buffer) as those used in the *Spec-seq* assay. The remaining uncut DNA ('digested' library) was separated on a gel ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}), amplified by PCR, and sequenced along with a mock-treated uncut control ('input'). The depletion ratio (input/digested) was calculated for each sequence (Figure [1B](#F1){ref-type="fig"}). The relative depletion, Δ*d*, of the SpCas9-RNP is defined as the logarithm of this ratio, normalized by of the mean depletion of all on-target sequences in sub-library 6 (See Materials and Methods, Supplementary Materials). Sequences with Δ*d* \< 0 are cleaved less completely than the on-target sites, whereas those with Δ*d* \> 0 are cleaved more completely (Figure [1E](#F1){ref-type="fig"}). As with *Spec-seq*, *SEAM-seq* is reproducible, with a high correlation (ρ = 0.98, *R*^2^ = 0.96, [Supplementary Figure S2F](#sup1){ref-type="supplementary-material"}) between replicates. A small fraction of probes (∼3%) differed significantly (σ \> 3) between the replicates (a difference that may be due to slightly more protein in Rep 1) with the average Δ*d* from the two replicates was used in downstream analyses.

Full SpCas9-RNP endonuclease activity requires base pairing throughout the protospacer {#SEC4-7}
--------------------------------------------------------------------------------------

*SEAM-seq* was performed using the same three gRNAs (Nanog, FANCF, VEGFA), this time with clevage competent SpCas9. As with *Spec-seq*, the data were fit to a *Mono+NS* model (Figure [1I](#F1){ref-type="fig"}--[K](#F1){ref-type="fig"}). Consistent with previous work ([@B1]), the *SEAM-seq* model captured the requirement for base-pairing throughout the 20-nt protospacer for full endonuclease activity, with mismatches at positions +18 through +20 having a less prominent effect. Variations in sequences downstream of the PAM had only a small effect on cleavage, consistent with their effect on affinity. The activity of each SpCas9::gRNA pair was different, with SpCas9::Nanog and SpCas9::FANCF being the most active (∼50-fold relative depletion) compared to SpCas9::VEGFA (∼4-fold relative depletion (Figure [2](#F2){ref-type="fig"}, Y-axis)).

SpCas9 affinity does not always correlate with endonuclease activity {#SEC4-8}
--------------------------------------------------------------------

Quantification of both binding and cleavage specificity in parallel enabled mechanistic analysis of target discrimination by SpCas9-RNPs. Analysis of affinity versus activity plots (ln *K*~A~ versus Δ*d*, Figure [2](#F2){ref-type="fig"}) show that, in general, reductions in *K*~A~ accompany reductions in cleavage. This correlation is, as expected, strongest for alterations of the PAM and mismatches within the PAM-proximal region (positions −3 to +11; black, red, blue, and part of green sub-library). Importantly, the libraries covering the PAM-proximal region exhibit a sigmoidal relationship in the ln *K*~A~ versus Δ*d* plot, suggesting that the higher-affinity probes are saturated in the *SEAM-seq* assay (see also below). In contrast, in the PAM-distal region of all three SpCas9-RNPs mismatches affect Δ*d* specifically, consistent with previous observations ([@B1],[@B14]), but have little effect on affinity (positions 12--20, yellow, grey and part of green libraries, seen as vertical bands in Figure [2](#F2){ref-type="fig"}).

Intriguingly, although most mismatches within the PAM-proximal region impair both binding and endonuclease activity, some resulted in Δ*d* \> 0. We refer to this phenomenon as 'mismatch activation.' It was observed primarily for SpCas9::Nanog (Figure [2A](#F2){ref-type="fig"}), the most specific SpCas9-RNP tested. Single mismatches throughout the PAM-proximal seed region impair SpCas9::Nanog binding (Figure [2A](#F2){ref-type="fig"}, [Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}) while enhancing the cleavage (Figure [2A](#F2){ref-type="fig"}, [Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). This apparent increase in cleavage is most evident between positions +5 and +10 and is largest at positions +7 and +8. Pairs of adjacent mismatches in this region do not exhibit mismatch activation and reduce binding affinity more than expected given the effect of each single mismatch ([Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}). Similarly, adjacent mismatches within the 'seed' region resulted in less than expected cleavage, but mismatches in the PAM-distal regions were largely additive ([Supplementary Figure S5D](#sup1){ref-type="supplementary-material"}). The lack of mismatch activation and greater than additive effect of adjacent mismatches on cleavage is thus likely due to their effect on affinity.

Mismatch activation is a result of more complete cleavage of off-target sites by SpCas9::Nanog {#SEC4-9}
----------------------------------------------------------------------------------------------

To understand the mechanism of mismatch activation, five DNA sequences that exhibited decreased binding affinity but increased cleavage were compared to the on-target sequence (Figure [3A](#F3){ref-type="fig"}). The cumulative cleavage of each sequence by SpCas9::Nanog was measured by capillary electrophoresis (Fragment Analyzer, AATI) at time points from 20 s to 1 h from reactions incubated with increasing amounts of SpCas9-RNP ([Supplementary Figure S6A--E](#sup1){ref-type="supplementary-material"}). The eventual fraction cleaved reached a maximum at a SpCas9-RNP:DNA ratio of 10:1, which was then used in downstream analysis.

As described in previous work ([@B21]), the cleavage data fit best to a two-phase exponential model composed of a fast and a slow step (Figure [3B](#F3){ref-type="fig"}). The on-target sequence initially cleaved rapidly (*k*~fast~ = 0.161 s^−1^), with a slow second phase (*k*~slow~ = 3.35 × 10^−3^ s^−1^) but plateaued at 85% after 1 h (Figure [3B](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}, red). This incomplete cleavage is observed even at ∼100× excess of SpCas9::Nanog ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}), and is consistent with previous observations ([@B21]). Each of the mismatch-activated off-target sequences assayed exhibited slower cleavage for both steps (*k*~fast~ = 0.025--0.122 s^−1^, *k*~slow~ = 0.77--1.61 × 10^−3^ s^−1^, Figure [3C](#F3){ref-type="fig"}), sometimes taking \>20 min to plateau. Despite slower cleavage, each mismatched site was cleaved more completely (89--95% versus 85%, Figure [3B](#F3){ref-type="fig"}, D) than the perfect match. The fraction eventually cleaved (1 h) correlates well with the results from *SEAM-seq* (Figure [3D](#F3){ref-type="fig"}), validating this higher-throughput assay. Together, these results indicate that a fraction of on-target bound SpCas9::Nanog does not cleave, and that mismatch-activation results from more complete cleavage, despite slower kinetics.

In contrast, mismatch-activation was not evident in the Affinity versus Activity plots for SpCas9::FANCF or SpCas9::VEGFA (Figure [2B](#F2){ref-type="fig"}, C). Further, although mismatches have a similar and pronounced effect on Δ*d* for both SpCas9::Nanog and SpCas9::FANCF, the effect of mismatches is weaker for SpCas9::VEGFA. The origin of these differences was tested by measuring the completeness and rate of cleavage for SpCas9::FANCF and SpCas9::VEGFA acting on their respective cognate DNA targets (Figure [3E](#F3){ref-type="fig"}). The kinetics of cleavage for SpCas9::FANCF is similar to SpCas9::Nanog (*k*~fast~ = 0.179 versus 0.161 s^−1^), with SpCas9::VEGFA substantially slower (*k*~fast~ = 0.058 s^−1^) (Figure [3F](#F3){ref-type="fig"}). However, SpCas9::FANCF cleavage of the on-target site was more complete (96%) than SpCas9::Nanog (85%) and VEGFA (86%), even after 1 h (Figure [3E](#F3){ref-type="fig"}). In other words, both SpCas9::Nanog and SpCas9::FANCF cut quickly, but only SpCas9::FANCF cut to completion, leaving little room for mismatch-activation. On the other hand, the lowest-specificity complex, SpCas9::VEGFA, not only cuts slowly, but also plateaus with a substantial fraction uncut.

Comparison with Doench rules {#SEC4-10}
----------------------------

Doench and coworkers previously constructed a Cutting Frequency Determination (CFD) scoring matrix by analyzing knock-out data for a large panel of on-target and mismatched gRNAs directed against a single gene ([@B41]). Under non-saturating conditions on naked DNA, the frequency of cutting off-target sites is determined by the efficiency of the SpCas9-RNP compared to the on-target site. We calculated the efficiency as *K*~eff~*= K*~A\*~*k*~cut~: the product of the affinity (*K*~A~) and a surrogate of cleavage rate, the occupancy-corrected cleavage (*k*~cut~). To predict the sequence dependence of *k*~cut~, the binding affinities derived from the *Spec-seq* data were used to correct for the effects of binding saturation on *Δd* the *SEAM-seq* assay (assuming that the DNA-binding specificities of catalytically inactivated dSpCas9 and wild-type SpCas9 are identical). Specifically, we assumed that the log-depletion *Δd* for each sequence is proportional both to (i) the DNA's fractional occupancy by SpCas9-RNP (as computed using the *K*~A~ values from the *Spec-seq* data and a free protein concentration parameter inferred from the *SEAM-seq* data; see dashed line in Figure [2](#F2){ref-type="fig"}) and (ii) the cut rate *k*~cut~ (see Supplementary Materials). As with *K*~A~ and Δ*d*, *k*~cut~ was modeled as the sum of a term that represents non-specific binding and another term that depends exponentially on a sum of mononucleotide effects.

Two behaviors were evident from the *k*~cut~ sequence logo models (Figure [4A](#F4){ref-type="fig"}, B). First, for SpCas9::Nanog and SpCas9::FANCF mismatches in the PAM-distal region have the strongest negative effect on *k*~cut~. This agrees with expectation because *k*~cut~ represents the cleavage rate of bound SpCas9-RNP and mismatches in this region do not affect binding but strongly affect cleavage. SpCas9::VEGFA, which is much less specific overall, does not show the same contrast between PAM-proximal and PAM-distal positions (Figure [4B](#F4){ref-type="fig"}). Second, only mismatches at positions +6 through +9 for SpCas9::Nanog lead to an increase in *k*~cut~, consistent with the mismatch-activation described above. Interestingly, the mismatches associated with the greatest activation (C and T) exhibit the most negative effect on affinity.

Having feature-based models for both *K*~A~ and *k*~cut~ allowed estimation of the enzymatic efficiency (*K*~eff~, Figure [4C](#F4){ref-type="fig"}, see Supplemental Materials and Methods). We then compared the *in vivo* off-target scoring matrix generated from CFDs ([@B41]) (Figure [4D](#F4){ref-type="fig"}) to the *K*~eff~ matrices for each SpCas9-RNP (Figure [4E](#F4){ref-type="fig"}). The *K*~eff~ and CFD scores are highly similar for Nanog and FANCF (*r*^2^ = 0.76 and 0.74, and mean-square error (MSE) 5.9 and 2.75, for Nanog and FANCF, respectively), suggesting that our *in vitro* models capture the *in vivo* preference of the SpCas9-RNP. Although the two models are highly correlated for VEGFA (*r*^2^ = 0.64), the efficiency values span a much narrower range than the CFD scores, and the absolute differences are therefore much larger than for the other gRNAs (MSE = 31.5). Thus, whereas the Doench matrix assigns a shared level of specificity across all sgRNAs, *Spec/SEAM-seq* reveals that there are significant differences in the specificity of binding, cleavage, and efficiency between gRNAs. These differences in specificity are consistent with the finding that SpCas9::FANCF is highly specific, both in cells and *in vitro*, with few off-target cleavage sites observed, while SpCas9::VEGFA is much less specific, cleaving substantially more off-target sites as measured by both in GUIDE-seq and SITE-seq performed under the same conditions ([@B28],[@B29]). This raises the question whether the specificity of SpCas9::RNPs can be accurately represented using a single universal scoring matrix with a fixed threshold for predicting off-target sites *in vivo*.

Spec/SEAM-seq captures critical differences in Cas9 variants {#SEC4-11}
------------------------------------------------------------

Having validated the accuracy of *Spec*/*SEAM-seq* SpCas9 models, the techniques were then used to profile the specificity of two Cas9 variants with altered specificity. The first, *S. canis* Cas9 (ScCas9), has been reported to have a single-base specificity within the PAM (5′-NNG-3′), but otherwise similar activity to SpCas9 ([@B19]). The second, HiFi-Cas9, is an engineered mutant of SpCas9 (R691A) again with similar on-target activity to WT, but substantially lower off-target activity in human cells ([@B55]).

*Spec*/*SEAM-seq* were performed on unmodified and catalytically dead versions of these enzymes and compared to SpCas9 in complex with the Nanog gRNA using a slightly revised library (Figure [5](#F5){ref-type="fig"} and [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). The Affinity versus Activity plots shows that SpCas9 and HiFi-Cas9 have similar profiles ([Supplementary Figures S7A, B and S7D, E](#sup1){ref-type="supplementary-material"}), but a greater penalty for mismatches on cleavage by HiFi-Cas9 (Figure [5K](#F5){ref-type="fig"}, L). In contrast, mutations within (black library) and downstream of the reported PAM (purple library) had substantial effects on both the affinity and activity of ScCas9 ([Supplementary Figure S7C, F](#sup1){ref-type="supplementary-material"}). Thus, rather than a minimal PAM, the PAM of ScCas9 is more extended than SpCas9, and mutations have a greater effect on binding affinity.

The DNA-binding specificity (ln *K*~A~) models for SpCas9 (Figure [5A](#F5){ref-type="fig"}) and HiFi-Cas9 (Figure [5B](#F5){ref-type="fig"}) are virtually identical (Figure [5K](#F5){ref-type="fig"}). However, the effect of mismatches on cleavage is larger for HiFi-Cas9 (Figure [5E](#F5){ref-type="fig"} versus 5D, and 5L). This difference is more pronounced when cleavage rate is corrected for occupancy effects, and represented in terms of *k*~cut~ (Figure [5H](#F5){ref-type="fig"} versus 5G). This indicates that reduced off-target cleavage for HiFi-Cas9 is due to an increase in the penalty of PAM-distal mismatches for cleavage, rather than DNA binding. This enhanced 'proofreading' for PAM-distal mismatches has also been observed in other engineered high-fidelity Cas9s ([@B14],[@B16]). Interestingly, binding-independent cleavage specificity by ScCas9 is much more strongly affected by PAM-distal mismatches than either SpCas9 and HiFi-Cas9 (Figure [5I](#F5){ref-type="fig"} and, [Supplementary Figure S7O](#sup1){ref-type="supplementary-material"}). The mechanism of underlying this increased specificity is not known.

In addition to the difference in cleavage specificity described above, ScCas9 prefers a different PAM sequence. Compared to the PAM of SpCas9, ScCas9: (i) prefers an A at the −2 position, (ii) strongly prefers G at −3 (ΔΔ*G*/*RT* = ∼8, compared to ∼6 for other Cas9s), (iii) disfavors T at the −4 position, (iv) prefers G/T at position −5. Thus, rather than the optimal 3′-NGG-5′ for SpCas9, or the shorter 3′-NNG-5′ reported for ScCas9, the ScCas9 PAM is the more extended NAGBK (B = A,C,G; K = G,T) ([@B55]). To validate this result, we measured the in-cell editing efficiency for SpCas9- and ScCas9-RNPs over 22 randomly chosen targets in the HRPT gene, half of which contained an NGG PAM, and half the extended NAGBK PAM (Figure [5J](#F5){ref-type="fig"}). All NGG PAM sites were edited efficiently by SpCas9, whereas only 3/11 were edited by ScCas9. Further, no NABGK PAM sites were edited by SpCas9, whereas all were edited by ScCas9. This provides strong evidence that the PAM distinguishes SpCas9 from ScCas9 targets.

In addition to Nanog, SpCas9, HiFi-Cas9 and ScCas9 were tested for binding and cleavage specificity against FANCF ([Supplementary Figure S7D-O](#sup1){ref-type="supplementary-material"}). Similar properties were evident for the two target sequences: the binding profiles were similar, with mismatches in the PAM-distal region being more deleterious to cleavage by HiFi-Cas9; ScCas9 exhibited a more extended PAM, albeit with an A preferred at the --5 position, and a substantially greater penalty for mismatches on Δ*d* in the protospacer ([Supplementary Figure S7H, K, N](#sup1){ref-type="supplementary-material"}). Together, these data provide a mechanistic rationale for reduced off-target cleavage by HiFi-Cas9, and a redefined PAM sequence for ScCas9, highlighting the performance of *Spec-seq*/SEAM-in accurately distinguishing between closely related CRISPR enzymes.

AsCas12a uses a mechanism of target discrimination distinct from that of SpCas9 {#SEC4-12}
-------------------------------------------------------------------------------

*Acidaminococcus* sp. Cas 12a (AsCas12a, aka Cpf1) is a Class II type V CRISPR enzyme that has been reported to have less off-target activity than SpCas9 ([@B56]), though it\'s specificity has not been as well characterized. *Spec/SEAM-seq* was performed using three different gRNAs composed of a AsCas12a specific PAM (TTTA) located immediately 5′ of the protospacers identical to the SpCas9 targets (Nanog, FANCF, VEGFA) ([@B20],[@B24]). Reactions were run under similar conditions compared to SpCas9, and the data were analyzed identically.

Consistent with previous work, AsCas12a-RNP affinity extends over a substantially longer footprint than SpCas9-RNPs. The first 17 nucleotide positions of the protospacer contribute to *K*~A~ of AsCas12a (Figure [6A](#F6){ref-type="fig"}), compared to the first ∼11 for SpCas9. As with SpCas9-RNPs, the penalty for mismatches is higher closer to the PAM. Also, in accord with previous work, there is a consistent dip in specificity around position +11 ([@B57]). However, AsCas12a::RNPs directed against different targets differ little in their specificities, particularly compared to SpCas9-RNPs. Each AsCas12a::RNP is comparable in mismatch penalty to SpCas9::Nanog (Figure [1F](#F1){ref-type="fig"}), the most specific among the SpCas9-RNPs. Mechanistically, this suggests that AsCas12a::RNPs binding specificity is not as sensitive to differences in stability between DNA:DNA and RNA:DNA duplexes.

![The effect of mismatches on AsCas12a::RNP affinity and cleavage are tightly linked. (**A**) Sequence logo representations of the mononucleotide coefficients in the Mono+NS models of *K*~A~ for dAsCas12a::Nanog (left), dAsCas12a::FANCF (center) and dAsCas12a::VEGFA (right) represent the effect of each base on the binding affinity. (**B**) Same as (A) but representing the coefficients in the models of relative log-depletion. (**C**) Same as (A) but showing coefficients (contribution to occupancy independent rate) in the *k*~cut~ models. (**D**) Logos representing effect of mismatches on the efficiency *K*~eff~ (see Materials and Methods).](gkaa231fig6){#F6}

Different from SpCas9, the Mono + NS models for AsCas12a Δ*d* revealed essentially the same pattern of mismatch tolerance as those for the binding affinity (Figure [6B](#F6){ref-type="fig"}). The region of specificity for Δ*d* extends over the same 17 PAM-proximal nucleotide positions of the protospacer with the same dip in specificity at position +11. Moreover, no mismatch activation is evident for AsCas12a. The model for *K*~eff~ showed similar trends (Figure [6C](#F6){ref-type="fig"}, D), suggesting that AsCas12a cleavage specificity is dictated by occupancy of DNA, rather than requiring full RNA:DNA duplexing in PAM-distal regions as observed with SpCas9.

CasX has strict cleavage specificity {#SEC4-13}
------------------------------------

CasX (Cas12e) is a recently discovered Class II CRISPR enzyme in the same general family as Cas12a, but with little information available about its specificity ([@B17],[@B18]). We therefore assayed the binding and cleavage specificity of *Deltaproteobacteria* (DpbCasX) for two gRNAs (Target 1 and Target 2, [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}) used in previous studies ([@B18]). Target sites are similar in configuration to AsCas12a, with a TTCA PAM 5′ to the protospacer.

Focusing on Target 1, the binding footprint (10--13 bp) of CasX is similar if slightly longer than SpCas9 (Figure [7](#F7){ref-type="fig"}), but shorter than AsCas12a (∼17 bp) with little contribution from PAM-distal sequences. Specificity within the PAM is stronger than for SpCas9 and AsCas12a (Figures [1F](#F1){ref-type="fig"}, [6A](#F6){ref-type="fig"}, [7A](#F7){ref-type="fig"}), but is comparable in binding energy to SpCas9:Nanog in the protospacer. To validate this footprint, the DNA-binding affinity of dCasX to four target sites with single mismatches within Target 1 was measured using EMSA. Consistent with the *Spec-seq* model, mutations at position 16 (T16A) and 19 (A19C) retained near full affinity (Figure [7E](#F7){ref-type="fig"}, F). Mutations in PAM-proximal region (T1G and A10G) has a more pronounced effect on affinity, reflecting what is apparent from the logo: the closer to the PAM, the greater the penalty of a mismatch on affinity. These results demonstrate that the *Spec-seq* accurately delineates the roles of protospacer sub-domains in the binding of CasX, and that CasX is similar in similar in binding specificity to SpCas9 and AsCas12a.

![CasX cleavage requires exact matches over most of the PAM and protospacer. (**A**) Affinity versus activity plot (ln *K*~A~ versus Δ*d*) for CasX::Target_1. Regions flanking the PAM and protospacer (pink, orange libraries) affect affinity but not cleavage. Almost all other mutations (except PAM @ --1) and mismatches ablate cleavage activity. (**B**) Sequence logo representations of the mononucleotide coefficients for the Mono+NS models of *K~A~* for dCasX::Target_1 represent the effect of each base on the binding affinity. Note that scale is larger than for SpCas9 or AsCas12a (Figures [1](#F1){ref-type="fig"} and [6](#F6){ref-type="fig"}). (**C**) Same as (B) but representing the coefficients in the models of relative log-depletion. (**D**) Same as (B) but showing coefficients (contribution to occupancy independent rate) in the *k*~cut~ models (see Materials and Methods). Note that the penalty for mismatches in *k*~cut~ is substantially greater than other RGEs tested. The patterns are consistent with a different target, Target_2 ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). (**E**) Electrophoretic mobility shift assay for measuring the on-target affinity of CasX::Target_1. (**F**, **G**) Fitting of EMSA data for CasX with target mismatches compared to On-target. Numbers correspond to position in the protospacer, error bars represent the standard deviation over three replicates. (**H**) Non-denaturing gel run after cleavage of individual on-target and mismatched sequences with CasX for 1 h, and (**I**) Control gel for the sequences without CasX added.](gkaa231fig7){#F7}

The most striking finding was the effect of mismatches on cleavage. An examination of the Affinity versus Activity plot (Figure [7A](#F7){ref-type="fig"}) reveals a bimodal distribution in *Δd* dimension: mutations and outside the PAM and protospacer (orange and pink libraries) affect affinity, but not cleavage, whereas mutations in the PAM or mismatches within the protospacer completely prevent cleavage. The only exceptions to this are mutations at the --1 position of the PAM, and at positions 18--20 in the protospacer. Other than at these positions, the models for Δ*d* (Figure [7C](#F7){ref-type="fig"}) and *k*~cut~ indicate that CasX exhibits an all-or-nothing behavior with respect to cleavage: no mismatch is tolerated (Figure [7D](#F7){ref-type="fig"}). Both the binding and cleavage specificity patterns are also evident for Target 2, suggesting that this specificity is not target sequence dependent ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). To validate the *Δd* model (Figure [7C](#F7){ref-type="fig"}), we cleaved the on-target sequence as well as the T1G, A10G, T16G, and the A19C mutants and separated the products on a gel. (Figure [7H](#F7){ref-type="fig"}, I). No cutting was observed for T1G, A10G, and T16A even when a vast excess of WT-CasX (1 μM) was incubated with DNA (10 nM) for 1 h. Base pairing at position 19 appeared to be unimportant, as cleavage A19C was comparable to on-target. A lower concentration of WT-CasX (100 nM) significantly reduced the cleavage of A19C and on-target, providing evidence that CasX binds weakly to its cognate sequence (∼100 nM) under the condition assayed (Figure [7H](#F7){ref-type="fig"}).

DISCUSSION {#SEC5}
==========

*Spec*/*SEAM-seq* is a simple, robust and sensitive method for determining the binding and cleavage specificity of RGEs that has several advantages over previous methods. First, it is fast. If an RGE can be expressed and purified, *Spec-seq* and *SEAM-seq* can be performed side-by-side in hours. Libraries can be amplified immediately and sent for sequencing. Second, it is accessible to almost any lab both in terms of expertise and cost. *Spec*/*SEAM-seq* requires only standard molecular biology equipment (gel boxes, fluorescent imager, PCR machine), and can be performed by researchers with basic training using the protocols and computational scripts provided. *Spec*/*SEAM-seq* is also cost effective because libraries are composed of 7--8 pools comprising ∼2000 oligos that are subsequently sequenced to a depth of ∼10 million single-end reads. Most importantly, *Spec*/*SEAM-seq* generates reliable models that dissect the contribution of binding and catalysis to RGE specificity.

Spec/SEAM-seq models are consistent with previous studies {#SEC5-1}
---------------------------------------------------------

The reliability and utility of *Spec/SEAM-seq* was validated against the most widely used and best characterized system: SpCas9. This enzyme has a complex dependence on its target sequence ([@B26],[@B56],[@B58]). *Spec/SEAM-seq* faithfully delineated the disconnect between DNA-binding specificity and mismatch tolerance in cleavage. The DNA-binding specificity of SpCas9 was first measured using an unbiased and comprehensive method: *SELEX-seq/SelexGLM*. Because this method identified specificity downstream of the PAM, *Spec*/*SEAM-seq* libraries were designed to encompass part of that region. The footprint of the *Spec-seq* binding model was consistent with the *SelexGLM* model, indicating that the PAM, 10--11bp in the PAM proximal region, and sequences downstream of the PAM contribute to binding. This footprint is consistent with some non-equilibrium studies, and is somewhat longer than the previously reported 8--10 bp ([@B8],[@B25]). The energetic models are also consistent with the mismatch-specific penalties for binding ([@B10]). The models for cleavage (Δ*d*) indicated that base pairing throughout the protospacer is critical for full activity.

Most striking is the correlation between the estimated efficiency of SpCas9, *K*~eff~, for off-target cleavage and the Doench rules. Our calculation of *K*~eff~ was inspired by Michaelis--Menten kinetics. The efficiency of an enzyme is the rate of conversion of substrate to product (*k*~cat~) divided by the concentration of substrate at half maximal velocity (*K*~m~), which is approximately equal to *K*~D~ (1/*K*~A~) if the substrate binds quickly (or *k*~cat~*\*K*~A~*)*. Using Spec/SEAM-seq the relative affinity (*K*~A~) and the saturation-corrected cleavage (*k*~cut~) are calculated, with the product (*k*~cut~\**K*~A~) equal to *K*~eff~, allowing estimation of the relative efficiency of cleavage for any sequence. In the cell, where potential cleavage sites vastly outnumber the amount of SpCas9-RNP, the probability of cleavage is thus proportional to *K*~eff~ for each site. The relative *K*~eff~ for each SpCas9-RNP correlated well with the Doench CFD (Figure [4](#F4){ref-type="fig"}), defined as the effect of mismatches across the protospacer on cleavage *in vivo* averaged across a number of target sites ([@B41]), indicating that the *in vitro* models of efficiency are consistent with *in vivo* off-target activity. This is a key validation and shows that *Spec*/*SEAM-seq* accurately models the position-specific effect of mismatches on relative efficiency of off-target cleavage.

Lack of DNA-binding specificity and mismatch activation contribute to SpCas9 off-target cleavage {#SEC5-2}
------------------------------------------------------------------------------------------------

Decoupling the effect of mismatches on affinity and cleavage provided mechanistic information about the source of off-target cleavage. First, the free energy-based models for binding revealed that the penalty for mismatches within the seed region are not consistent among target sequences. The specificity of SpCas9::VEGFA is much less than SpCas9::Nanog and SpCas9::FANCF. This correlates with the energy of exchange (ΔΔ*G*~exchange~) from a DNA:DNA duplex to an RNA:DNA duplex (Figure [1L](#F1){ref-type="fig"}). ΔΔ*G*~exchange~ had been previously hypothesized to contribute to specificity ([@B59]), but binding models were not yet precise enough to support this conclusion. This lack of specificity for VEGFA compared to FANCF is supported by three in vivo studies using different techniques ([@B27]). This indicates that binding specificity, the free-energy difference between on- and off-target binding, varies substantially between target sequences, and is an important determinant of off-target cleavage.

Paired measurement of affinity and cleavage revealed an unanticipated source of off-target cleavage for SpCas9; mismatch-activation. Mismatch-activation results from incomplete cleavage of the on-target sequence, but more complete cleavage of an off-target sequence. This was evident in only one of the three targets tested (Nanog), but was consistent not only between replicates, but with a variant of SpCas9, HiFi-Cas9. Incomplete cleavage has also been observed by other groups ([@B21]), suggesting that a portion of the bound complex is trapped in an inactive conformation. We speculate that mismatches allow escape from this inactive conformation, resulting in more complete cleavage. In a cellular context where SpCas9 is overexpressed or expressed over a long period of time, mismatch-activation could favor off-target cleavage.

Although ΔΔ*G*~exchange~ and mismatch activation are potential sources of off-target cleavage, too few target sequences have been tested to reliably be modeled in SpCas9::gRNA design tools ([@B60]). As a result, for applications that demand high precision, such as stem cell editing, potential SpCas9::gRNA pairs can be screened using *Spec*/*SEAM-seq* to avoid promiscuous cutters and select for high activity RNPs.

Spec/SEAM-seq models provide insight into the specificity of other CRISPR enzymes {#SEC5-3}
---------------------------------------------------------------------------------

The reliability of the models generated by *Spec*/*SEAM-seq* extends to other RGEs, as evidenced by AsCas12a and HiFi-Cas9. AsCas12a has been shown to derive cleavage specificity from a longer footprint (+1 to +18 in the protospacer) ([@B57],[@B61]) than SpCas9. *Spec*/*SEAM-seq* captures this specificity, including a characteristic dip in specificity near the non-target strand cleavage site (+11 to +12). *Spec*/*SEAM-seq* indicates that, in contrast to SpCas9, cleavage specificity is driven almost exclusively by binding specificity (Figure [6A](#F6){ref-type="fig"}, B), as the binding-independent cleavage effects of mismatches are minimal (Figure [6C](#F6){ref-type="fig"}). AsCas12a therefore appears to be more specific overall, and would be a useful RGE for applications that require specific binding in particular, such as CRISPRa/i ([@B62]). HiFi-Cas9 has been shown to have fewer off-target cleavage sites *in vivo* ([@B19]). The *lnK~A~* models for HiFi-Cas9 show similar binding specificity compared to SpCas9, however cleavage (*k*~cut~) is clearly more strongly impaired by mismatches, particularly in the PAM-distal region (Figure [5H](#F5){ref-type="fig"}).

*Spec*/*SEAM-seq* may be most useful in screening of newly isolated RGEs for specificity, and in providing mechanistic insight. To demonstrate this utility, two less-well characterized RGEs were tested: ScCas9 and CasX. Consistent with a previous study, *Spec*/*SEAM-seq* determined that ScCas9 has a more relaxed specificity at the -2 position within the 3 bp PAM (NNG versus NGG) ([@B55]), but revealed a more extended PAM (5′-NAGBK-3′) (Figure [5C](#F5){ref-type="fig"}, [Supplementary Figure S7H](#sup1){ref-type="supplementary-material"}). As a result, ScCas9 does not have more flexibility in PAM sequence for binding and cleavage, but rather is predicted to have increased specificity from a greater contribution by --3 G and overall throughout an extended PAM (Figure [5C](#F5){ref-type="fig"}, [Supplementary Figure S7H](#sup1){ref-type="supplementary-material"}). Alternatively, the increase in ScCas9 specificity may enable use in precise applications where an extended PAM is present.

DpbCasX is a recently discovered and characterized RGE, for which little was known about specificity ([@B17]). Similar to AsCas12a, has a single RuvC nuclease domain that undergoes a conformational change to make staggered cuts in the dsDNA target ([@B18]). CasX has two additions domains that contact the non-target strand (NTSB) and target strand (TSL) of the target DNA. The DNA-binding specificity footprint of CasX is nonetheless smaller than AsCas12a (∼10--13 bp versus ∼17 bp), albeit with more pronounced specificity within a different PAM (TTCN versus TTTC) (Figures [6A](#F6){ref-type="fig"}, [7B](#F7){ref-type="fig"} and [Supplementary Figure S8C, D](#sup1){ref-type="supplementary-material"}). However, whereas AsCas12a specificity is driven by binding, CasX catalytic activity has an almost absolute requirement for TTC within the PAM and base pairing from +1 to +17 within the protospacer (Figure [7C](#F7){ref-type="fig"}, D, and [Supplementary Figure S8E--G](#sup1){ref-type="supplementary-material"}). This intolerance to mutations and mismatches at all but the -1 position in the PAM render DbpCasX the least prone to off-target cleavage of any of the RGEs tested. This behavior suggests that the NTSB and TSL of CasX aid in 'proofreading' base pairing throughout the protospacer for cleavage rather than aiding in binding. Although many factors affect whether an RGE will be useful in cellular editing (persistence of the gRNA, protein size, and stability), CasX is a promising candidate for applications that demand high precision.
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